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This Report derribes the cwrent best estimate of the Ranger VI 
spacecraft flight path and the way in which it was determined. Deep 
Space Instrumentation Facility tracking of the spacecraft was virtu- 
ally continuous from i n w o n  to lunar impact. Postflight analysis of 
the tracking data resulted in valuable determinations of the masses 
of the Earth and the Moon. tracking station locations, lunar ephemeris 
scale factor, and a lunar radius to the Ranger VI impact point, which 
is 3 hn less than the previously accepted value. The impact location 
of Ranger VI is known to within 1.2 km on the surface of the Moon. 

This Rqmrt deslnZwJ the c u m t  best A t e  d the 
Ranger VI spacecraft flight path and the way in which it 
was determined. Deep Space Instrumentation Facility 
(DSIF) tracking of the spaceaaft was vi.tu;rlIy continu- 
ous fmm injtwtion to lunar impct. P d i g h t  ura6,ris of 
the tracking data msulted in valuable determinations 
of the masses of the EPrth and thc hloon. tracking station 
locations. lunar cphemcris wak factor, and d u r  d the 
h f t m  to the &ngm VI impnct point. The impact brrtim 
of Rongrr VI is known to within 1.2 km using thc rhnd- 
ud dcwiation u a measure d u- 

The primary ohjertin d the Ranger Block 111 (Rmficr 
8 through 9) flights i s  to ohtuin TV pictures of the hinu 
turfan! which will bc of hcncfit to both the Rimti& 
prqmrn and the V. S. m a n d  lunar flight pmprun. Thc 
J h g c r  VI rpirrmrft, whidi wu lrunchnl fmm Cape 

Kennedy an January 30.19B-4. and 65 ht 35 mi0 late# 
impacted the Moon on target. did not accarrplidr its 
primary objective due to a failure of the 'IV subsystem 
tiowever, the capabilities of Earth-based radio g u k h ~  
npre dramatically demonstriated by this mission, urd the 
postflight analysis provided significant information in 
the determination of the physical amstants mentioned 
8bove. 

During the launch phase the Ai& and Agena daga 
prrfonned within tolerance and injected the r p r d  
on a lunar flyby trajectory with a miss distance of approxi= 
mately &IO lun. The scir of Tranquillity w a ~  sckcted u 
the fimcrcll .IP. d Impact. since It WOI t h ;  mwt f a m e  
uhtc bcation for thc pnwailing lunar surface Lghting 
cutditicms. Sixtccn hwn after bunch a near perfect mid= 

~ I#UMI  w u  rrmihd. "he ruuhant Impact 
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p i n t  was only 30 km from the ChOKn target area center. 
This difference is well within the hound expcrted and is 
a rwrnhination o f  the iincvrtainties in the orhit at the time 
the tlr\ircd ~ n a n c ~ i i v c ~  was determined plus the tolerams 
of the spacwrdft guidanw hardware. 

!kction I1 of this Repnrt d n o l i  the DSlF tran- 
spnndrr orhit eietc*rrnination. Gmpariwris ar r  made 
a mi )I I g dct errn i na t ic ins 1o.i s r d  on premaneuv t r  track in g 
only. po\tmancwvrr tracking only, and c.onihined esti- 
m.itc-s loastul on prc*n~anc.iiver a d  p)stmanvuver track- 
ing. Soliitions for the masses of the Farth and the 
3fcwin. lunar c*phc*rnc-ris sc.alc- factor. and tracking station 
1cx;itions arr  wmparcd to clt.tc*nnin;itionc hastd i i p n  
thc- Jfariticr 11 \'c-ncisl arid prmious Rontcr miccions. Thr 
cli*tc*rmination o f  the. lunar radius at tk. Rangtr 1'1 impact 
point is alsn presented. 

Scu-tion I I I dicwsses the opratinnal mnsidrratinns as- 
wxiatcd with the midcwircr mawuuer policy and the 
execution o f  the-  mantwwr. The postflight evaluation de- 
scrihd in this section shows that the response of the 

spacecraft to the maneuver turn ud velocity taamKat 
commands was well within expected tokrmcu. 

Section IV summarizes the key events in the DSlF 
tracking of the Ronger VI n+ssion and gives a gencml 
dewription of the DSIF statinns and tracking modes. The 
dc-ttmnination of the lunar radius at the Rungm VI impact 
point is a direct function of the "recorded" time of im- 
pact. The recordings of this event time as measured by 
tlir DSlF Coldstone tracking statinns are presented and 
diwuswd. 

Stution V d c s c r i f w s  the Ellstern Test Range (ETR) 
tracking of the Azcna launch vc4iicle. The ETR orbit 
analysis is di\id+.d into thrcv parts: (1) the parking orbit; 
(2l *hv postinjection brit preretmrocket phases. during 
which the s p i c r m f t  was still attached to the Agenu; and 
(3 the* pstretn#u-L;& d i t  of the Ageno. 

Scr-tion \'I dcsrrihes thc Rmgm V I  d i t  in teams of its 
trajcutory p"metm near the Earth. in t r o n s l u ~  eight. 
and near the Yoon. 

A. Inhpducrko 
This str-tion has  a stcp by stv dcir4opmcmt of thv 

significant r:*siilts oh ta ind  from tracking data. The IV- 
snlts arc. prcwnttd in t)Icwks siic41 as pnwwwuvcr data 
only, pfitmancwvc*r data only. pmtmamiivcr data with 
prcmancrivcr data as a priority with thv lunar cnnstraint 
applied. All soliltions an. n w r  p c . r i ~ ~ 1 ~  nf fnv flight and a 
diwontiniiity re-stilts at tlw mancwwr t p w h .  \Vith this 
a p p n w h  the* rffe.rts und i n fo rma th  of vrrioris data 
hlcwks can In* stran a5 thc* turgct t m  statistics rhaiigv 
and wttle tn thvir final vuliie* w h n  all th. dda  is in- 
cliidc.cl. The various blmks at(. m i s t c m t  within t h m -  
W ~ S  pnd with rpch 0th. 

B. S U ~ M ~  d r l k  oota U w d  in OlbR 
D.terrninotior, 

~ I I -  cr)mplvtc qlricnce of tracking events and pound 
trackinK mcxlc-s is dtycrihcd in k - t i o n  IV. Fig. 1 giver 
an o\c-rall picture nf th- data for each station as to their 
titnr ~ I K I  platr in thc whit. Table I nimmarizcs the 
drtn tiscd in tht* whit calculations both for mal-time and 
pi\tO;ght analysis. It is a firocs pc.rfnrmancc 4 of 
the cI.ita tilling vrnl haidling systc*m. Cnliimn 3 gives tho 
total niimlnr nf clatr p i n t a  taken at each station. The d i t -  
ing of the rlrra n w l t r d  in thc actual n u m k  of points 
ristd in n d  time awl Imstflight analysis, shown in d- 
umns 4 a d  10. mpwtiwly.  The pntflight data W(.IP 
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GOLDSTONE -11  
GOLDSTONE -12 
WOOY€RA -41 
JOBURG -51 

GYT, k 

0 VISIBLE, No DATA 
OBTAINING TWO-WAY DOPPLER 

DATA ONLY 

OBTAINING TWO-W&f WPPLER AUO 

OBTAINtNG ANGLE DATA ONLY 
ANGLE DATA 

OBTAINING PSUEOO TWO-WAY OBTAINING B I O  O W P E R  4 N D  
(COHERENT) DOPPLER M T A  BAD ANGLES 
ON LV 

Fig. 1. Ranger V I  hocking v i m  periods and dok co- 
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obtained from paper tapes punched at the station and 
mailed to the jet Ropu l s i~n  L i l b o r r t q  (JPL). 

of particular interest is the number and perrentage of 
data sets rejected for bad format and “blunder poiuts.- 
KO attempt is made in real time to  unscramble data mes- 
sases mta in ing  format errors Blunder points can create 
significant pmhlemr in cnnverging on an orbit when very 
few data arc availahle and hence are important in influ- 
encing the time rrqiiired to establish the first estimate 
of the orbit The n i i t rk r  and percentage of points omitted 
hwaiisc of  ‘had data twnditions’ are listed in column 7. 
\ t h n  the tracking station operators or automatic detec- 
tors recnpnizrd that the data being transmitted w*cuM 
not hr usable, the data mndition cmfrword indicated 
the condition. These cnnditions occurred when rrtuning 
the ground transmitter to maximi72 the signal received 
at the spamraft  uhcm commands were being sent. dur- 
ing t h e  acquisition phase. and during known equipment 
malfunction periods. 

Another so(irce of data k s  is the continuous r m n t a  
which causes an adjacent point to be k t  if the previous 
count was in error by had format, data condition code, 
or. if it was a counter restart (column 6). “his loss doa 
not m i r  often m i g h  to lose many data. and it does mt 
warrant relinquishing the benefits of continuous aaunt 
data (i.e.. data compression explained in Appendix A). 

Once the data are edited. they arc weighted. This 
weighting i s  an effective variance weight rather than 
just a v a n a m  on the data ihemselvs. Various error 
contributors are cnnsidmed and a summation of varianco 
i s  made. The assumed ernx sources f a  the data types 
used during the mission and the conhihution to the tbhl 

weight from each of the e m r  R)IPDCI M rborm fn 
Appendix B. The data types distxsd M mhenat two- 
way doppler (=) end angles [loal hour angle (HA) 
and declination (Dec) used in d - t i m e  abib). 

The approximate weights for the two-way 
since they vary with count time. range, elevation pa& 

and elevation angle rate-are displayed in Table !2 along 
with the number of points used and the visible data mise. 

C. Premoneuver Orbit Bused on Pr.man.uvor 
T r d i n g  Only 

Table 3. columns 1 through 5. gives the statistics of 
the data fit to the calculated orbit, and Figs. 2 through 7 
show the ac-tual data point residuals (i.e.. the observd 
data minus the calculated data). Only doppler date were 
u d  in the orbit calculations because the antennas under- 
wtnt modifications tn*fore and rfter finger VI. d biases 
of unknown magnitude exist in the angular data. HOW- 
ever, the angular residuals ere shown and - e x t m d y  
helpful in real-time orbit determination. ”peciafly whca 
there are data from only OM station. Note that thm ir 
a consistency between the doppler md that there (10 

biases. This noise level is on the order of O.o(# m/=. 
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TIME 22 hr 21 min FROM JAN 30, 1964, min (IfERA1K)N 3) 
m. 6 Satiau Sl ) n r  W.. 01/W ~ c n o r w u w r  mldwh tZ2dl OMn 



TME 3 hr 45 min FROM JAN 31, 1964, min (ITERATMCIS 3) 

Rg. 7. -on 51 p r r  Iy.. 011303 mn#mu*.. rnidvah OMTB 

Station 51 (Johannesburg, S. A) miduak display the 
deet d the transmitter stability as a function of time 
(i.e.. the kmgw thr signal travel time the largm the data 
mise, Figs. 5 through 7). A b ,  the e d y  Station 51 
data are noisier dnm the quantizing en'or is dominant 
at the higher sunpk rate d 1/5 sex nquind bearuse 
dhighatdem- 

Tabk 4, cdumnr 1 through 7, displrp the vector d 
puamtcm that were estimated, the (L priori information 
d the datisticsaa the puunctm when onlyprrmurm. 

MI data were used. The estimated parameta ut the 
cortcsian rpoce-fixed camponeats of p i t h  (X.Y.2) 
and vehi:y (DX,DY.DZ), CMm,,, (<=Ma), CM- 
(CMO. the scale factor for the lunar ephnnerlr (REIV), 
a mlar prrssrire constant pertdnfng to the eitcctivc ob 
efficient for refledion d solar mdfation (CB), UICI the 
tracking station CocWdiMteS (radfur. btihrde. ud bn& 
tudc). This Tabk, like DO many athar wed thmughwt 
this Report, is  d d h c d  u the Rcport pmffnrrer. Nota 
the large a piort uncertdntla o(1 S ndr 
rhow that in the Prul rolutfcm the tracking dah wero 
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the SOk CnnbibUtOrr t0 the shonR SOhtiOnr. Thc S t a h  
radius, latitude. and longitude are in an unnatural cmrdi- 
nrte system. A more nahiral one is the x,. X,. X, system 
W ~ W  X, is along the Earth spin axis and X,.X, am 
parallc4 to tht* quatoria: plane with X, in the statism 
mt*r;clian and X, wmplcting the o~rthoggonal systcm. For 
this X,.X.,X, system a 1-0 a priority of 503, 500. and 
100 tn. rc-sptr.tivc*ly, was used and then rotated into the 
radius, latitride. hangitride system for input into the pro- 
grain. The IIW) m uud cm X,  was r i ~ l  to ktvp X, within 
its known botrnds. for this is one paramc*tt.r thdt cannot 
tw crtiinatcd froin the data. The uric-rtainty on X,, X,, X, 
is  trarirfomd into the radius, latitude. and longitude 
zystm by 

where + = the station g m t r i c  latitude; R = tbestdao 
gecmt r i c  radius. In pitrentheres next to the input a pri- 

t h w  parametcrs. I&* statistics arc displayed at  in- 
epoch. mancwver cwpoch. and lunar c k t  approach. The 
mnt significmt n-sult h m  is the solution for CRI ad, 
of cwirw', the prohe's pmition and velocity. parition at 
injcctioin is known to within 05 km and veltdty to within 
0.5 m / w .  Note that at maneuver tpoch thr  vebcity 
uncrrtainty has drc.rt*aud. This is hecauw the s p a 4  
is moving slowly (1.5 km/scc) at maneuver rpoch corn- 
parid to its moving fast at injection ( 1 1  km sec). The 
corn.lation matrice, both in sparr-frrd Cartesian d 

ority in Table 4 is the a m p t e d  realistic uncmtam . V b  

I. 

R - +  l o  5 7 . m  O 

L o  

y__I__._ 

IJI 

w1.m 
Ji.lI7loI 
14J.IWbJ 

14 
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Earth-6x4 rphvrkal mordinates. on shown in Table 5 
(at injection cpnr.h) and Table 6 (at maneuver epoch). 
N d e  thc rorrdations in longitudes and in Y. The urullc!t 
c-igi-nvaliie tot tlw position cwvariance matrix at inaneriver 
c.pcrli  is a p p r o x i m d y  along the X asis, the w x t  largest 
tigimvaltw along the Y. and thr la rps t  along Z. This i s  
k a u w  t t i r  sp"3'craft orhit plane is almost coincident 
wit11 tlw X-Y plan(- a d  the dirwtion of motion l i c r  close 
to tlw X axis ( i t . .  7';11~11- 7) and in thc- dirwtiiin of dopplw 
mc-asiircnivnts. wlwrras X is ntmnal to  thr  dopplcr mw- 
un~rrwnts a i d  not as vasily clvtcmnincrl. Table 7, column 
4. sliows tlic p;uam-ttr solution. 

/ 

M 

S ASYMPTOTE 
' X  AXIS 

VECTOR ma POST- 
YANEUVER ORBIT 

f r r  AXIS 

At closcst approach the statistics arc mrppcd &I& the 
B plane system (Appendix C). The semimajor axis (SMM) 
a d  scmiminor axis (SMIA) (Appendix I) me tbe rprus 
nrots of the c.igc*nvalues of the aworipnce mM. & tbe 
B plant., and DEL T is the uncertainty in limmizd 
time or the* third dimtnsion normal to the B plpnc a b g  
thc incoming asymptote (Table 8). Figure 8 is a rough 
approximation of the coordinate system mhhmh@, 
wticw Z in the spac.c.-fixod Cartesian system is .ppod- 
mately along the B*R direaioa. 

Table 9 shows thc cronsistency in the orbit atirmrhr 
whm data fnim \.uious stations wcm d. The erti- 
mate difftwncrs are well within the associated uncu- 
tairitics, and thc data fit is a h t t  the same in dl CUCL 
This cunsistmcy was wc*aker. however. in d-t ime 
prcxesin): of the data. Small hives were evident d 
postflight investigation uncovered: (I)  an 8 ll~scc timimg 
l iac  at Station 41 which was vaificd by rpJemehy-tb6 
station ackmowlcdgcd that the wrong delay time bd 

(Fig. 9); (2) a umng transmitter frequency rrportcd h 
rcrl timv on early data to Station 51; and (3) the birpsd 
angular data. in turn. biascd the doppk ( F i e  10 d 11 
whi& arc comparable to  Figs. 3 and 5). The Statiom 51 
frccliimry was modcd only at regular i n t r m k  but 
it is witlent that the frqucncy had changed (Fi i2). 
TIM. n.r.rordc.r was monitoring another output chumd, 
and. as a rrsrilt. thcsc b i d  data were in the idigh 
compitrtions Init W(TP dck+cd fcw the pmt&ght enle 
ation. Thrrc m r s  aurd a diffcrenrr in the B vectar 
of some 66 km. This tliffcvencv is n t k  large amporad 
to  the 30 km IJ  unwrtainty &Pinable idight from 
-enor frer.' data. hut the t m  was well within 
nquimncnts of 150 hn. 

hccn uwd when qnchmwm - - g with wwv in Hawaii 
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In oonclusion, the results bear out a good at to all the 
data, and the solution vector on the physical constants 
is  consistent with presently accepted values. The statis- 
tics are not very startling since the only significant im- 

as the pre-Ranger 'awx*pt& uncurtainty. These results 
are used as tile a priority for the postmaneliver orbit, 
although the postmaneuver data can be p d  with- 
out this a priority. 

i 

' provement came in GMt3 and its statistic is the same 
i 
1 

D. Postmunewer Orbit Bused on Portmaneuver 
Tracking Only 

I 
1 

Table 10. columns 1 through 5. gives the data residual 
! statistics for various time blocks during a station pass 

depending on whether the station data w-ere ahove or 
below 17 deg and wheth-r they w r r e  on or off the N- 

hidium standard. Figs. 13 through 23 show thc data potat 
residuals. Sote  the diffcrcnce in noise characteristics 
among Stations 11.41 and 51. Station 12 has the rubidium 
standard for its trirismitter refermw whereas 41 8nd 51 
do not. I t  is ck*arly widrmt in Fig. 13whenStatbn U 
was not on the rubidium standard. & K ~ I I S ~  of thc pccrl- 
erations at impct .  a higher sample rate was used and 
the data are noi\in (Fig. 17). The solution parameter 
vector and its statistics art' displayed in Tabks 4 (columns 
8 and 9) and 7 (calumn 5) .  It can k* that CMg 
statistia have k n  rcducxd from 2-5.0 km' sec' to 
-eo.- km'.'scr'. and that station location unrrrtdntjes 
have decreawd a factor of 4 in bngihide. Also. some 
infnrmation has c v m e  in on the REM solution. Table 11 
shows thc* rnrrelation matrices on the estimated parpm- 
ders both in s p a c r - f i x d  Cartr-sian and Earth-ftrtd spheri- 
cal cwrdinate systems. These statistics and wlutims PIT 

also displayed at impact in Tables 8 and 12 rrspfftiwly. 
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Natiw (cdumn 5. Tahle IS) the ronsistrnt m i l t s  when 
only Ckddctonc data wwe used. Other cnnsistency chcdts 
were made on c*fftr-tc due to diflcrenrrs in e p M s  and 
universal time (ET - lrT), the lunar scale factor (REM). 
thr Slmn’s moments of inertia. and soh  prrnure. The 
effect d a change of 1 wc in ET - UT was essentially 
a change in longitride d the d i t h s  prevailing at the 
n \ ; r~ iver  epoch with all the impact puamden vbturq. 
staying the same. The REM perturbation d the 
pmitinn at mamiver  radially along the Fkth-hfmm line 
and lrft the impact parametcn unchangd. Both solar 
pmsrire and mwwnts of imrtia were of vcry small dcct 
(Le., Ims than 1 km in 8). The primary check was always 
the cnmparison of the position vector at mulruvcl epoch. 
meaning that the position vector, ahteined using only 
prrmancuwr data, should be ahnost the same (except 
for the small shift due to mallcuvpl errcution) .S the 
positinn vector when using only pwhnrncuwr dah. 
Tahlc 13 shows these vrltm with the small rmncuver 

i@ pWrHon incmnenb Again the dutiom u e  d wlthkr 

I 

* 

the 1 s  estimates and assure consistency. One dircrepury 
in the p n s t m i v e r  data which is apparent in Table U 
is the diffemm in rpcorded and calculated impact the. 
Although it is well within the standard deviatba aka- 
btd at this time. it later hccancJ much too large Tbe 
discrepancy is  explained m sediar 11 E3. 
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9.303" - 0.044 
21.426" 101.418 

0.0 701.7s 
f*b ?. 1V64 W.2430.46 fob ?. lV6408S4.16.70 

top 

O S  

11.9 

Thear&dly. the phyxkal constant solutions should be 
the same. d thus the c l i t i r e  two  phase^ rhould be am- 
sistent by having the YIM physical nwrstanh \- 
prpmidcourorr and postmidcourse were done indcpmd- 
ently of each other this was not the case, IU b evident 
in Tabk 7. The mczhod of Lwnbining this infomution 
wu: 

W = diagonal weighting matrix m ObScMbta 

0 - C = residuals (Le,, ObKNed data -cllaJ.ted 
dot.) 
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TIME 5hr  56min FROM FEB 2,1964,min (ITERATION 4) 

Fie. 23. Station 51 )err No. 02/01 1 poshno- midoela U.S OMn 

The best prcmoneuver estimate was then mapped tr, the 
maneuver epoch and diHemnced m'th the best post- 
maneuver estimate to give the best maneuver atimote, 
discussed in satka 111 C 

3. Reaulta d canbbing Rcmumnar .ad 
P0rbnummrD.t. 

Columns 6 and 7 of Table 10 rhow the &h rtrtfatfa 
and Fig& 24 duough 34 show thedata rrtfdwb on the 

postmaneuver data when the premancuver data ut used 
for a priority. The data fit is  almost the aame u whm 
no a priority was u d .  eonfirming that the data pdt- 
agn pfe c.ontistemt among themselves Table 7, cohmur 6 
displays the- solution vector, and Table 4, cdumns 10 
and 11. givtr the statistics. Now the power of combining 
the two phalcr is dramatically seen. Cue, CM,, d 
REM are m a n i d  a factor of two betta tfun erb 
uperato rstimatc. Station h t h  uncertrinda M 11c 
d u d ,  too. The mwt pleasing put ia  the rolutkrr far 
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REM, which in no) life is dependent on GRf* and 
CAI Q, but is uncoupled in the orbit determination pro- 
gram (ODP). REAf ir to the CWS by the following 
constraint (Ref. 3) 

the mmsponding REM equals 83783112 lcm, whi& b 
a - 142 rn change fmrn the nominal. The solution in the 
ODP is a - 15.9 m change from the nominal and h then 
only 1.7 m from the constrained value. Ihe mhtioa 
inatrim arc display4 in Table 14. h’otim the comela- 
tions in longitude and latitude; this is due to the chdcc 
o f  the r.cxadinate systcm explained in %ion 111 B. 
Tables H and 12 show the impact conditions. Notice the 
slight change- in impact time of 0.15 sec and its uaca- 
tainty, which is reduced a magnitude from 2.5 to 027 rec 

REM = &3.315745(GMd, + CMe)”* 

If RI:bf is calccilatcd from the constraint equation above. 
using the GM, and GM ~ values obtained in Table 7. 
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TIME 61hr t m t n  FROM FEB I, 1964, min (ITERATION 3) 
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TIME 5hr 56min FROM FEO2,1964,min (ITERAT)(IN 3) 3 a 
31 

The ncid test b to see how this mlutian 
with the portmwuver data used ns prMty f a  the 

ti ally^ the same. The mults nm wry ntiisfyfng u CM 
be wxn in Tabla 7 (mlumru 6 nnd 7) and 4 ( d u m  
10 nnd 13). Both the pnrnmetn &tians and the statkticr 

prrmpneuver dab. The solution nctw should be cIscI)- 

I 
'0mpUh.t rrsrul.t(lrl& hu cmlt Ir .cn thrpclrout b h 
Jndr pm* ud thua hu b br lvdkd am .crdr pd.& 
-.I- 

a p v  wry wc4 with thc. other nmlt. Thc data 61 is shown 
in Tuhlc 3, cdamns 8 and 7. ;and in the n.sidnals (Figs. 33 
thmiigh 40. mmpaml with Figs. 2 thmrigh 7) .pin. with 
almnst the same chnradcristia ns when only ~mnr#u- 
v n  data are used. Cornlath matrixes u e  shown h 
Tahlcs 15 and 16. Emwntn  paramrtcn u e  displayed 
in Table 8. \Vhtm the mnnrffe<l conditions u e  mapped 
h~ myllc~iycl cpocli and position and velocity .IC dtf. 
fcrrnnd with the ptmnncuvcr estimnte (Le., with pre= 
mnllcunt dntn PI a priority). the best estimate of the 

44 ! 
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fig. 40. Sot ion  51 poss No. 01 /303 midwls wi* porhrwcHurrr doh d for ph&y 045 OMTI 

maneuver is formed. This cstimate will also be discussed 
in Section I11 C. Note in Table 17 that the positions, 
after the maneuver i n m e n t s  are added, epee within 
tenths of kilomettcn. This Table should not be m f u d  
with Table 13 in which positions M obtained independ- 
ently by each pmnaneuver and postmaneuver data bbck. 

p d r s  the fit some but only slightly In these cua, u 
evident in thr residual plots. Post-SOS cannot mat& 
pre-SOS since it ir a function of the number d d.tr 
points. and pmt-SOS her many mae polntr t h a  plb 
SOS. Also tilbuhttd is QSOS which giva a maurs d 
the deet of the a prkwrty aa the so5. 

As a mmmuy )or these dl&rcnt data-block 8b, 
Tahle 18 tabulatm the weighted mm d the s q u a d  
(SOS) rrtiduah. The deet of adding a priori data de- 

Thrmighwt thin sertion REM (the sale factor tathe 
lunar ephemeris) has been d d d  u an Indqednt  
puomctet. Cammcnts were mule pssvburly on the do# 

di 
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b I 
(2) hricirirr+.m( I Hnoup*- 

agreement with the actual constraint equation [i.e., 
REM -- 86.315745((G.\fv*, + Cdfa)'/']; however, statistics 
on the  complete paramcbr set are degraded by ignoring 
the known constraint. The constraint was applied to the 
hest pstmanrwver solution (i.e.. premaneuver data as 
a priority) by the rnc-thod desc-rihed by D. L. Cain.' 
Briefly. it sets the constraint cqiiation equal tu C 

c = R E A I  - 8831!j?G(CSf, + Ghf ()"' = 0 

and uses a Lagrange multiplier a the original Q function 
to be minimiEed. 

Q*,'S'UII, = (0 - C)' lt'(0 - c) 
w=wrightmdam 

I. .  ... m.s 

(0 - c) = d u d  

hrCddedtOit  

When 6rst Onkr tcnm are mllected after taking pvtmk 
to minimize Q. the rcsriltinp: solution a n  be expressed 
in terms of the original solution plus one additional tenn. 
The new solution vcctor qm-. i s  obtained by 

Qww = qrI8,ui + a9 
Aq = A C  (C.%C7)-r D 

.c.... 

...lU 

D = the nluc  d C when the estimatn for REM, 
Gal, and CAI a from tbe original rdutlolr M 
phcul in the constraint equation 

A = the origid CoNkllCc DlrMx 

and the statistics are given by 

The restilts are listed in Tables 4. 7. and 19. Xow the 
estimate on REAI fits the constraint exactly. and &e &a- 
tistics have been r e d i d  considerably. Y. RE.U. ud 
statinn longitude rrm-rtainties have decreased a fa&w 
d 2. Statistics in the B plane have had the REM c l ~ b  
straint applied. but. in addition. they a b  bave bca, 
transfmncd from georpntric to selenocentric uncmtab- 
tier.' which give a p r o p  uncertainty to the impact 
bration of Ranger 1.1. The 2.1 km SMAA maps to a 
12 km trncvrtaint)' on the lunar surfarr. Sotc also ia 
Table 7 that the solution vector has not changed sig- 
nificantly. Table 10 tabulates the data statistics using 
the constraint. and, sinw they arc almost the WK as the 
best postmaneriver orbit (except fo r  a slight change at 
impact), only these residuals arc shown in Fig. 41. 

3 . O b s m a t i o m . n d C a d d a m  

o. Landing poinf. Table 12 gives the landing point. Its 
statistin after the REM constraint was applied uc Iti\'cn 
in Tahle 8. However, as pointed out earlier in this Report 
there is a discrepancy in impact time of 15 sec 
i s  a magnitude larger than the cakvlated statistics. An 
extensive search of the program and the data rcvded 
no errors and in fact only strengthened the result, fa 
the solution for impact time was almost indcpmdcnt d 
all perturhations except lunar elevation. Vpri.Hau la 
the REM, UT-ET, mlar pressure. CMc, the Woa'8 
inertia, ahsolute timing of data, a d  rmounb of drtr 
gave essentially the same ennuem. The d y  then wm 
to change the lunar elevation. hrsd on the tmw tbr 

F. Ilmmhm, "omr(.m* Mat* d Spuunft  &haen&k 
tmhn htth and Vrkr~ty," November 16 Im (Inkrd mm- 
muntrrtbn). 
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TIME 6 hr 8 min FROM FEB 2,1964, min (ITERATION I )  

Fig.41. Slotion 12 parr No. 031331 roridwlr with IFM conrtmint. kvonpdntr 01. off pht, 
-X = -0.49 (06- OMn 

recarding which is displayed in Section 1V. The m r d -  
ing is at least amrrate to 0.03 sec, which is many times 
bettcr than the calar la td  sigma and a strong data point 
for a lunar clevlltk#1. 

. 

A check was a b  made on a d a b l e  lunar e lmt lon  
data compiled by different groups, primarily the A m y  
Map %ice in Washinnton, D.C.. and the Air Force I 
Lunar Map Service (ACiC) in St. Laub, M i u w r l .  Tho 

on of ACIC's LAC 60 map p v e  a lunu ndlur at  

impact d 1738.1 Inn with an uncahhrty d &11) bp 
On thc A m y  map thc elevation wiu notas udde6oed 
hut appcupd to be higher, 1738.9 hn 

Ry nwking the Iirnar radiia 3.1 km mk. the impact 
timc n.sidiiul can hc diminutrd. Tht. uncertainty la the 
radiits. +0.3 k-is dcutwd from the  tinwrtainty in tk 
rolcrrlntml impact time. Thc Rangrr V I /  impart ndhu 
was similarly smalh than antidpatmi. 7ht hpllatbn 

88 

. . .~ 
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of t h  two m h s  mi& br that the Moon5 ccdcrd 
mass i s  3.0 h closer t o  de mrfacv at the impad paiat 
than was previously tbougk. 

b. S t d m  katbu. lherc is a wealth of k d g e  
tn he ot)tairwd f n m  ndio tracking. especially in &cr- 
mining station Lrrtirms. By inspecting our cwviurc 
matric- we can immrdiatcly x-e that the infomaation 
o n  IongitiJrle is valirstde. tfowcwr. t h e  is much mocc 
informaticin hcw. .% difftrnit mnrdinatr system will show 
that anothtr clirtr+itm nwmal to  longitude is d 
much tn-ttvr and that diffmncxs in station paramt-tms art- 
dc.tt*rrnined sigriificrntly ht-tter than ahsolute station 
locations. 

If the cmmiinate s?rtrm u r d  is the X,. X,. X, system 
clc-cr~ihtd in k + i o n  I 1  C ratlw-r than the amvcntiorul 
radius. latitude. lnngitide systtm. it c3n he seen that 
two parameters are crstimatcd very weil whrras the third 
is I d t  undetrrmintd. The distance OB the spin axis X, 
and normal to this parallel to the quatorial plane XI (k. 
longitude) are wdl ddennirwd. but abng the spin 
axis X,  t k  is nn informatinn. This bec.anes very cvi- 
dent in Table 20 which shcmx the 9 X 9 nom~llizd CD. 

v a r i a m  matrix on statim h a t i o n s  rotated fnnn thr 
radius. latitude. and longitude system into the X,.X,X, 
system. The 1-0 a prinrity used in the initial atim~tia,  
is shun in Table 1. The c m t n s t  hc. twm the a priority 
and a posteriori d u t i o n  statistics is significant in the 
parameters XI and Xt. The data contain esscntialiy no 
information about X ,  sinrt. its a priority was rt100. and 
the data results give -99.8 for X ,  (Stathin E). The hrst 
estimate on X, and X, mas made at Station 12. Goldstone. 
where the hest data quality and longest tracking mw- 
age w m  obtaimd. Ref. 4 gives a thorough rxplanatinn 
of why a complete pass d data fmm rise to set is ncces- 
sary for g d  station dutnans. Fig. 42 shws the signa- 
ture in the doppkr d u a l s  for  a complete s t a h  pass 

i 
\ E 
i m 

-0 

LEMm OF mss. c 

causcd hy m r s  in X, and X,. and it can be ~ c n  why 
they are 50 easily separated and determined. In Tahk 21. 
results are summarized as diffcremPs from the old sur- 
wy.  .4 cnmparison can hc nlade on Caldstone with the XI 
and X, paramc-ten. The wsrilts fmm the Afarinn I f  mis- 
sinn. Ncw Srirvcy. and Ranp-r VI compare \pry well. Re- 
liniinary results on Ranger VI1 am a h  in good aRrpement 
with Rangm VI. Sote also the correlations in Table 20 
amnng the thrrc stations. X, (i.e.. hngihde). and the 
statistics in Table 21 on the differences in station X:. 
There will be many fine estimates on statian locations 
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pendent solution is very encouraging. As cxpectcd. the 
constrained solution brought the statistics down slightly 
on a11 parameters (Table 4. columns I f  and IS). 

Il.r -r*.l 
A =  I).I rr*.l - old awvov 

I 2  - 1333 -103.. l V l . 0  16.0 260 1cO 
I 

41 -a-s -a.3 41.4 26.0 16.0 2ro 

SI - 17.8 0.0 -16.1 26.0 26.0 24.0 

1 1 4 1  36.8 36.1 3A.B 
% 

12-51 36.8 36.8 YJ @ ' 4 1 4 1  36.1 36.1 3A.B . 
VI 

coming from future space probes; for the o v m  sta- 
tions will soon have the Goldstone capabilities, and track- 
ing wili bc such that all horizon data, whether m the 
2- or Sway mode; will be valuable. 

c P h W  cinutanto. Estimates on three physical con- 
stants HW(? ohtaincd with the trucking data. CMw CAI, 
a d  REAf wre ntimated with uncertainties lower than 
any pmiour crtimatct (Table 19). The estimate on REN. 
of CUII~SC. mmes primarily horn t k  good atimrter 
CAI@ ud CN,, although the agreement of tbe iode 

Table 22 and Figs. 43 and 44 show the mtb on 
from Ranger \'I and p m w ~ s  missions. CM+, and GM 

loblo 22. GM ;.and GMa mission ntin#)w 

t 
R tl 
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PRELIMINARY VALUE 
a96 -J 

Fig. 44. GMQ: with probable mom 

S0tic.e how consistcmt the results are. The mean s(vms 
to averagr close to 398601.2 km'jxr'  for CJf : . Note that 
the rincvrtainty in Gff!:, is ahout a factor of 4 smaller 
than the nominal JPL value (Ref. 3). The estimate. on 
GAfc is consistent with the .\furinc.r I1 mtimatr. and it5 
unwrtainty is also a factor of 2 smallrr. The nntlts  are 
vrry emmuraging in that the .\farim trtimate was ob- 
tained hy thc M a y  periodic &KZ of tlir Moon in 
Marinn's cruise phase data, w1iert.a~ the Ranger solutioa 
was dt-rived puwly from the dirtvt gravitational force of 
the Moon. k- estimates are truly from the data for, as 
seen in Table 4. the a priori assumptions were a magni- 
tude larger than the final uncertainties. 

N'ith these estimates on CAf,:. and CM, an Earth- 
Moon mass ratio can be deten&ed. 

The mean lunar distance is obtained dim-tly from the 
constrained estimate of REM as described hy Clarke 
(Ref. 7) or Bmumr (Ref. 8) 

A, = 80.2@5878 R E M  = W.399.0 4% km 
(probebk -4 

Fischer (Ref. 9) interpreted the measurements of star 
occultations at the silmt- point on the lunar limb by 
O'Kcrfe and Andcrsctn (Rtsf. 10) to obtain the value 

A, 384.400.9 e4.7 km and interpreted the dynamic 
results as A 384.400 * 2.0 km. which i s  in good a p  
ment with danger VI. 

Xfrasrirements o f  radar round-trip times to the dec t -  
inr: srtrfarv on the M c w m  wvre p d o r m e d  mer eight IUM- 
tions in 1959 a d  1W hy Yapltu (Ref. 11). The m l t s  
pnwidc. an ;icu?ir;ttt* mc-asurc*ment of the mean distance 
f n m  tlit. Earth t o  t h i s  m u u  radar surfocr. representing 
tlw avvraKc. siirfacv owr  !he range of reflecting surfaces 
prtwnttr! during st-vcral Iiinations Yaplee rrported a 
mt-an lrinar distancv of A,  3s-I.Mo.2 el.? km. In order 
to obtaiii this figprc he a s s r i d  the radius to the m u n  
rurlur .swrfucr (YRS) to  lw 173.1 km and the speed 
o f  propagation to lw ,39792.8 km sec. This result can 
hc* r.omparcd to the- Rrrngcr \.l results in two ways. First. 
cwnsictwit valiics of the prnpagation speed must be used 
sinw hoth c-xpcrimcmts actually mrssufe in the length 
tinit of "light-sawn&." C m t i n g  Yaplw's repted 
value into the system of units' uscd on Rrmfier VI 
A 381.399.8 IT 12 km is obtained still using the radius 
to t h -  Sf RS as 1738 % 1 km. The a p m e n t  is quite good. 

It s c m s  that if Yaplw's rrsult is e.- without 
putting in the rt*latively uncertain radius to the MRS 
and in light-semnd length units the mean distance from 
thc c.c.ntc*r+f-Earth to  tlw SIRS. is 3N2.661.8 e0.1 km. 
T h u s ,  if a more rtcvtirate mcasiirrment of A, is a&bk 
his m i l t s  may he interpreted as a measurement of the 
kimr d i u s  to thc. SfRS. Using the A. vf Rongn VI 
Rum = 17372 t O . 2 7  hm is ohtaintd. As &-scribed e0rht.r. 
the radius to the Ranger \'I impact point is  estinaatrd to 
he Rn. = 1735.3 2020 km. Just how mnsistent thrsr hwo 
estimates arc may hc verified by ~ a n p v i ~ m  with IUW 
maps. C'sing the 1I.S. Army Lunar Map (Ref. 2). the 
oltihuie difmence h w n  the MRS and the Ranger VI 
impact p i n t  can he estimatd fairly omvotely to be 
2220 .5  km, which compares well with the VO~UC of 
1.9 +O.M km obtain& hy combining the VI IC- 
sults with the new interpwtation of Yaplee's IIKUIUC- 

ments. Perhaps more careful attention to dctermMng 
the altitude diflerence between Ranger impact porntr 
and the MRS by optical means will establish an even 
closer verification. More dined analyds will be per- 
fumed in the future. 

- ,, - . . -- - -- . , .  . . .- .. 
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4 Limlt8Hoar 

This scution disnisscr the limitations of the Ranger VI 
flight path arialysi\ dtwrilttd in this Report and predicts 
t h c .  oiitcwrw to  he c y w t t r l  from a more rxtensive analy- 
sis, \vtiic.h will l ~ -  iinclw-taktn aftt7 thc. cnmplction of 
tlic- Htrtig:r*r I5lcwii I l l  ( H m g w  6 tlnoiigli 9)  missions. The 
Rotif(>r N h k  111 Summrry Analysis will hc performed 
\vith t l i c  aid of thi- " w x t  g:cwrration" ODP now hcing 
drwloptd at JPL. 

Thv ODP (Rcf .  12) IISCUI for tht- Rongcr \'f analysis lacks 
cvr t in  clc*\ir;title cLip.iltilitit*s uhirh wil l  lw incwrporatcd 
in ric*\t pvic.r.rtioii 0 1  11'. Tlw principal items an. sum- 
n u r i n d  in Taltlc. 3. I t  i \  \igriific.ant t o  note that (*mors 
i n  t n wl iicc.cl ( 11 I ri n c  CY iii i pi i t ii t ioiis d w  to in tr*rpolat ion and 
thc- luiildiip o f  roiind-tiff (mor arc. the major contrihu- 
tions tci the two-w.iy tlopplc-r \vc iglrting sigma disccisstd 
jn ;!ppn(!ix n. This ri i t*; i i i \  that tlic. ful l  potential of the 
DSI F trading data has not twen rc*alizcd in thc Roncrr Vl 
analysis. 17w two-way \vc-ighting sigma (for one sam- 
pic. inin at Station 12 at lunar ewnuntw) om he reduced 
IXIF trackrip data has not l n m  rralizcul in the Ron:mVl 
from 0.013 m st'c to I c w  than 0.W m SIV if the comput- 
ing noiw i s  math. nc.gligildc. compand to the other crror 
soiirtvs. T h c .  1,iiildiip of cnmpriting wror acts as a iow 
f rq i imcy noisc sourc~*. Such an m o r  usually is not 

detectable in plots of the doppler residuals such u Fig 

high frequency noise swrces. 
24 through 34. Ttitse plots tend to illustrate only dn 

In addition to  the computing noise d i s c u s 4  above, 
other numerical limitations exist in the analysis. nKir 
existmcr is illustrated by the fact that certain anrsbninb 
hold only to a limittd precision. Examp1c.s include the 
physical cnnctant solutions and the sparPCraft position 
a t  the. midcnirrsr manwver i p c h .  The physical constant 
solutions obtaintd from using the restilts of premaneu~a 
data as a priori information whrn processing postmaneu- 
vc-r data should hc. identical to the physical constant 
soltitions olttain(Y1 \viic.n using the results of postmneu- 
vrr data ;is a priori information when processing prc- 
manc'trver data, in that hoth orbits use the same set a€ 
data but in a tfiffcrrnt order. Table 7 compares the 
physical cnnstant solutions fmm these two d i t s .  AI- 
thniigh thc- stantlard tlcviation of each physical amstant 
sIiowii in T;ihle 4 c*xccc.t!s the discrepancy between the 
two solritions, it is still clmr that numerical difTicultia 
do exist. For example. .G.\f, :y 0.037 h'/& which 
is a variation in thr  sixth digit where a variation in the 
eighth digit may be expec-tcrl due  to nnmnd-off in that 
although the same computations are performed they are 
acmmplislid in a differcnt sequence for the hrvo 
solutions. Notirx- that AC.\~, is overshadowed by the 

tablo 23. Limitations of Rongw VI onolysh which will bo owrcomo f u  
Rangor 8Ioch I11 Summary Analysis 
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m,iMa = 0.14 lun'/mz for this analysis. but it will not be 
m p t a h k .  for the summary analysis which should yield 
a u,,lt = 0.03 km'. s e 2 ,  as discussed helow. 

The diwrcpancirs in spaemaft positinn at  the mid- 
courst* inaitc.iivc.r ipw.li arc. sln)wn in TaI)lc. 17 in which. 
fnr cwniplt.. I h v  SpiitWTaft is d i s p k d  0.6 Lm in thc Z 
dirt-ctictn atwive. wliat the  iiiagnitidc o f  tlir nui icww 
worild indicate.. T h e .  ciirrc-nt 01)P mnstrains thew visi- 
tions s ta t ihx l ly  throiigh thc :rpplication of  an a priori 
cuvariantv. matrix hiit clcws r io t  incliidc* a pli? sical wn- 
straint. Tht- G.tf,;,. CM:. RE.\f constraint was applitri as 
a \idc mntlition (Section I I  t.: 3) aftrr the ODP prcwwtd 
the Imstnianeiiver data tiring ttw. rc.ciilts of tltc. prcmanw- 
vvr data as a priori information. That is. t h c .  crtnstrairit 
is not applitrl in thr iterative- prcwv.ss tBut ctiily aft<-r the 
orhit has runverged uithniit rrcvgniziiig tht- constrailit. 

I a 

nit* next gmeratinn ODP will br fnrmiilatctl and the 
trajtvtor)' intvgration step size can hc chwm to rmsiirv 
that tliiring postflight analysis cnmpiting nnisr will ht. 
a minor cnritrihiitor to the data weighting sigma. In addi- 
tion. thc manmivc-r vc-lcrity incwments will he added to 
the list of "snlve for' paramdrrs. and thc equations 
which constrain thc s p a e m a f t  pmitions at nl;lmver 
r p c h  and which cvtnstrain the C.ff.: .C.Va. R E M  p r a m -  
eters will be added tn the regrtssion i&drl .  A h .  thr atmn- 
sphmk refraction mL1 will hr impmvcd in that the 
ionosphtrir effects will br addcd and ttw trnpnsphrric 
mxlel will hr incwascuf in Eophistication. The size of 
the snliition vector will  hr iwrrastrl frnm its present 
limit of 20 paramrtrrs to a l l w  the inchisinn of thc ma- 
neuver vrlwity incTcmrnts a d  pmibly  timing hiases 
which may he important within the first few ~ H I K  after 
launch, as illustrated in Fig. 9. 

It i s  desiruhle to dcvt.lop a model complete enough 
so that the "fittvrs wcwW' will cwntain all the parameters 
ncwssary to n-prrwnt the 'real world" data ( r i m e  afl 
trc-ncls from thc rrsidiials\. and M that realistic statistics 
arc- asscwiatcrl with the uilution vector parameten. 
Tithlc- 24 is a tr)mprrium of t h e  physical cunstant statistics 
h.twcu*n tht. Rancw 1'1 Ixtstfligtit analysis and t k  Rongcr 
R1tn.k 111 Srtnimary Anuly.sis. An intprovtwitmt fador of 3 
is rcdiztul for G.V and 5 for CMa. The slow nslative 
motion of  point5 tm tfw Fh-~h's m i s t  (which will not be 
inrliitftd i r i  thc. OliP  rrrwic4) may limit the kiwu4dge 
of \tatittn Icwatictns to .5 in in thr radial clircvtion normal 
to  thf. EiirIh*s spin dxis and t o  5 m in the diffwenw in 
Ieingitiiclc. Iwtwtvn two stations. T h e .  major rediiction in 
ct;rti\tics is the* r c d t  of diem iniprovd mcdc*l (i.e.. dtrihle 
prtscision. hiiilt-in ctni\traints. ritidtr)urse maneuver model, 
iiitprovtu1 rc*frat-ticm r r r r i c 4 )  to h. iinul for the* S u m m ~ q  
Analyris; h0wi~e-r. ulme impnnvmnt will also hr realized 
from c.cimtiining IIH- itwilts of t tw .Vurinvr (Vmus and 
lfars) and the t h 7  &nsr flights for il w n s i s t e n t  rolu- 
tion of  t I ir  physical wmsta1its (G.Vti. G.ff c. RESf. and 
tracking station Lwatinnr) .  Also data such as TV pictures 
of thr spcxrraft i r inar  iniprct p i n t  will hc ilvpilabk 
a check on the umit dt-ttminatkw pmrrss. 

ss--tY 
Gtmhining thr p r m u m i v n  and pcntmane~vtr data 

and applying thc Iiinar e-nstraint c-t411atinn on the RFSf 
and the G.\f has prrnidd rn and indeprndcnt rstimatcs 
on the vaIiit.s for CM.. CAI a, REdf. statinn kw*ations. 
and a Iimar ratliiir at the impact point. The statistics on 
all thrse parairw-ttrr a m  as gcwd or hrt tcr  than any otlw 
rstimatn availabk. 

The snliitions tm thr CAI's am cnnsistrnt with rrr.cntly 
c5tal)lished rtriilts and a m  w v c w l  factors ~IWT in their 

--- 
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uncertainty. REM provides the mean lunar distance. and 
using it there is good agreement with Yaplee's recent 
radar hoiintr work in dtatmnining a lunar radius mea- 
sunment. Rongm\'ZIalw s b w v d  an  effect that wanted 
to dcrrcwc- the lunar radius approximately 3.0 km. ?he 
station Iwation mc*astrrc-mc.nts are madc in only two 
rw1rdinatc.s: thv longitiirlr dircx-tion and off the Earth's 
spin axis. Tlic statistics in thrw coordinates are ha t e r  

than the p r m t  Iand sun'c)'I hecause it is dlliirub ftx 
them to c u m n t  f a  the rontinent discontinuity and bal 
vertical dirnrp;urcirr 

With fittiire spaw p d w s  a d  new equipment being in- 
stailed at  the tracking stations. mom ancl Mer estimates 
will he acl ihcd tLmigh F,rrtli-bawd radio trackiog. 

111. MIDCOURSE AND TERMINAL MANEUVER ANALYSIS 

A. Inttoductioo 
The Slanc~irvcr Analysis Gmup (5fi.C) is responsible 

for the real-time exploration of the possible maneuver 
alternatives existing in both standard and nonstandard 
flight wqiwncus. As a rrslrlt of this exploration a ddnitive 
nmmnwndtd I W I ~ C ~ I V ~ T  policy along with rvrtain avail- 
able a1ttmativc-s cn~~ges. The exploration of mancuwr 
altcrnativts must I K ~  mnductd within thc fram-work can- 
structtd by the following constraints and considerations: 

I. The impact site must b~ sclcrttd so that upon 
arrival. the lighting conditions are suitahlc for high 
nsolution p h m t ~ ~ p h v .  Rtnuw it is thotight that 
tlic cliangcs in the lunar alkdo are wgligil>le ovm 
smdl arvas. dc.pt.ndc*ncc tipon shadowing must be 
made in ardtr  to obtain the desired information. A 
pnrisc. rritrria for the selrrtion of suitable landing 
locations is giwn by the Figure of Merit formulated 
by tliv Spacr. SItncus  Division of JPL (Rt-f. 13). This 
tcdiniqiic. c.alculatcr the minimum sirs, right circular 
c ~ w  of 15 dvg slop- that will he detected under 8 
gi\c-n sc.1 of lighting cvnditions and viewing g m -  
ctry. In gt-ncral, this critcriria pndicts cxrrllvnt mrrlts 
in the nsgion wlicrr the lighting anglr h betwcpn 50 

2. It is wry desirable that the impact site be within a 
maw m*a sirnr this is the dtrired landing terrain 
fw thc A M &  capsuk. 

3. It l s  also & s i d  th8t thc mylp an* rwed be 

8d w) dls. 

hrtwZMl-clO d q  d the lunu equator. again for 

1 
cunptibil i ty with thc m a d  lunu pmgmn. 
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of the 'clock' angle. i.e., the part of the con(* that 
has k.tn entered. Coordination with Spacurritft 
Data Analysis Tram (SD.4T) is rcqiiirtd in flight 
for a minpktr analysis if this prohlt~iii arist.s. 
Chnstraints c and d may 1w mritrially r~xrlrisivc*, 
in which cast. tht. timer will take ~ ~ ~ Y X Y I C * I I C C  
over thc. midcourse telemetry. 

e. I t  is dmirahlc that thr cntirr ttmnin;rl pliasc. 
(iiiipart 130 min to impart) hc visible. frnm the 
Gcild>tone stations. 

f. The.  postnridrourw trajtx-tory m i s t  br .nidi that 
thr rrcpiircd s twnd pitch trim diiring thr ttr- 
rninal niancwvc-r d m  not k w m e  less than .I7 
ckg. In aclditioii. the crunrid pitch turn may not 
bc. firwtchr than t55 dthg if accurate. roll stahili- 
zation is r e q u i d .  

g. The primary optical axis of thc. W siihsystmi 
may not be pninttd to within 38 dcg of tlie p ~ ~ h e -  
Earth line because of mtrllanical limitations. 

During the pvrfonnance of tlie mawuver, it is possiblr 
t o  Jeternline from telernctry if the roll and pitch turns 
am being executed as commandtd. If the turns are sig- 
nificantly ddercmt than desired. the question immediately 
arises whethw the incorrect maneuver being performed 
is better than no maneuver. Vsing linear analysis, the 
MAG a n  determine in n.af time the effect upon the 
trajectory of any combination of &send tun-: and an 
assumed vt-kxity increment and, in conjrinction with a 
mprcwntativr from the Spacp sciences Division. n m m -  
mend whether or not to send RTC-8, which inhibits the 
motor bum and returns the spacecroft to the cruise-mode 

The investigation of the proper terminal maneuver can 
be brokcn into three main possibilities: 

i 

I 

The wminal terminal maneuver which aligns the 
primary optical axis of the TI' subsystem along 
the velocity mtnr at the point of impact. 

The optimum terminal maneuver which seeks to 
make the optimum trade-off hetween camera smear, 
due to misalignment &.twm the cameras and the 
wlai ty .  d the viewing gpomeby. 

No l l ~ e ~ ~  at all which improwr wliability. 

8. MMcouru Monwvor S W h  
Fnr the January 30. 1961 launch there were two nom- 

inal prvlatinrh ainiinfi points selcctrd, one at 8.5 deg 
I;ititu& anti 21 .O dt-g 1111igitiide in the Sea of Tranquillity, 
and an altwnate in the Sea of Vapors at 13 dt.g latitude 
and 3 dt-g longitiidv. The alternate point was selected 
txu.aiisc* thr Sc-a of Trancprillity was hut 19 deg from the 
teniiinator. and it was fcartd that the actual target un- 
certaintit.c duc. to midmiirsc* excrution and orbit deter- 
mination crrors rnight dictate the wlwtion of the alternate 
point, 35 dcg fmin the terminator. 

Driring tlir mission. it was clrar from the first d i t  
that t h c .  prvmidtwirsc* trajcu-tory lay u~c4 within the 
60 iii s t ~  wrrcu-tioii capaldity. Tlw ln-havior of the orbit's 
t-stiiiiation is dttailtd c-lscwhrre in this Rcport, but, rela- 
tivr t o  thc. sizt- of thr wrrcr-titm to he ptrformed. each 
dc-termiiration ykldtd thc- sanw mult.  Thc 6 e n s  quoted 
Iicw wfvr only to the nominal pmidcourse orbit. 3% 
orbit providcd the hasis for tlw final computation of the 
niidcouruse mamivet. TalA- 25 dvtails the estimate d 
the prmianeuvtr orhit, the desired target parameters 
and the change in tliv targtq paramtrrs required to attain 
the desired terminal conditions. 

Toblo 25. h m o n w v w  and postmomwu 
(orgot c o n d i t b n  

~~ 

a * R T  166Qkm -536 -725 -2383 -1WO -2740 

M.Chr bu1 65.29 um 

Also rcgisttrcd in Table 25 is the prelaunch tuget 
point. I t  may be noted that this point is some e300 Lm 
away from the primary postmidmum aiming point. 
The prclaiinch target conditions are chosen 90 as to 
optimize the pubability of impacting in the virib)e 
lighted portion of the Moon in the event 8 splcs 
craft malfunction orcw~ which prrcludes the ped- 
a n w  of the midtwirse trajectory corrcctjon. Likewioe, the 
flight time of the prrlaunch tnrgettd traieaay is Mucd 
from the final desirPd to enhance the likrlihood that the 
7" package will be activated automPtically at UL .mpt- 
ablc time wcn if no Qwnmud apbility is eyct abb- 
hhai with the s p u x a d t  
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Fg. 47. R0ng.r Vi midcourse guidance 
nquhmont ond capability 

Figure is  that if the pwmaneuvm B*RT. B-TT point 
lies within the ellipse, the d c s i d  comrtiun is possible 
with the 60 m sec capability provided. A summary of 
the target dispersion statistics is provided in Table 26. 
Hem are listed the 1-0 values for thc mima jo r  and 
semiminor axes of the B plane dispersion ellipse along 
with the flight time uncertainties for the orbit d e t m i n a -  
tion, midcourse e n a t i o n .  and combined error ellipsrs. 

SominaUy the flight time is adjusted during the mid- 
course maneuver so that impact will occur 15 min aft- 
the Tc' backup clock applies full power to the F channel 

If. however, the roll axis turns to within 40 dvg 
cd the probe-Ehth line a t  any time during the perfonn- 
a m  of the nominal maneuver. consideration is given to 
modifying the flight time from the nominal desired to a 
value such that an antenna constraint violation does not 
ocrur or. ut least, occurs in a minimum fashion. For 
Runger VI it was considered acceptable to have the cam- 
~ r z s  automatically activated anywhere in the interval 
11-34 min before d d  impact. The required unmodi- 
fied maneuver yielded a severe antenna constraint viola- 
tion; the roll axis entered the null cone 50 sec after the 
start of the pitch turn urd did not emerge until the motor 
had been completed and Sun zeacquisition had started. 

Toble 16. Expected krg.1 dirpnrhr lmm ubi# 
doterminalon ond midcwrso execution errus 

I I J 

hecause it was anticipated that most of the telemetry 
c d d  be rewived in spite of the violation, the unmodifitd 
flight time of 652% hr from injection to impad was 
~1ectt-d. Th~s completrd ttw postrnaneuvt-r aiming point 
s4-14rtion. 

Consideration was given to the possibility of sending 
RTC-8. intc-mipting the m i h r s e  sequt-mu. in the event 
a malfunction o c c u r ~ d  during the turning sequence of 
the midcourse manrwver. n t i s  is a particularly dif6cult 
decision to make in real time for a maneuver. ~ K W  

stopped. may not he attcrnpted again. and thc s p a d  
i s  committed to  remair. on the pcpmidcaasc troiectay. 

The Rnnger VI premidcvurse trajectory took the ploa 
an a west-side flyby of the Moon. having 8 dosat 
approach distanw of 2550 km (altitude of 814 bn) at a 
subprobe point of latitude = - 10 deg. longitude = - 166 
d q .  On this trajcrtory. a vrry satisfaciory mappbg d 
the unexplorrd portion of the Sioon CWM be ObtpiDCd. 
although the pictures would by no means have met the 
mission high resolution objectives. In & to obtain this 
bark-side mapping ~OU'(I'CT. a terminal maneuver would 
harr had to ht. p d d .  ji'ithout this trotientptioQ d 
the s p a m f t .  the camm &-Id of vicw would not hawe 
intercepted the Moon. If a nil  malfunczion ~ ~ I I S  d u ~  
ing t!! midcourse, the likelihood of bring abk to stt+ 
cessfully perfonn a terminal maneuver is cast in g n v t  
doubt; exmpt in unusual drrumstanms, thtn, R X - 8  b 
not to be sent if a terminal mamwr is obligatay m 
the pmnidcoune trajectory. Bwause of these Q1(1sidcI.- 
tions it was decided that no postmidcwrsc tnjcctay 
could b less advantagcats than the existing cause, and 
the decision was made by the Project Manager not torad 
RTC-8 under any chm&mes. 
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During the performance of the maneuver. the telrmetry 
yields direct readinp on the duration and polarity of the 
turns and the Icmgth of the. motor burn. Ttirsc. mrasurc- 
rnents. o b w n d  in r ed  time during the prrformance of 
the mancw\t*r, all had the currm-t polarity and, to within 
thr  accuracy of thcsc- rnwsurt*inmts. were of the exact 
duration commanded. This, mupltd with the real-time 
dopplcr rcduction (disaisscd e l u * w h c ~  in this Report), 
gave almost immrdiatc vc~ific3tion that the maneuver had 
bcpn p e r f d  C o d y .  

C. Terminal Maneuver SituotiOr, 

At the tim the tcmninal maneuver was bring mnsid- 

Impad latituck = 8.00dg 

Impad longitude = BD.11 deg 

Time of impact = Feb. 2,1984 at 9:24.40 ChfT 

Automaticcamma hirnon = 9:11.12Ghff 

Figtire 48 dt-pids the impact gevmttry with the cam- 
eras in the cruise mode orirmtation. The C vextor rrp- 

resents the ctmtral pointing d i d o n  d the four P 
ramens; A and B n-prcstnt the pointing din.rtiwu for 
the 25 and 8.4 deg: firld of view F c~mcfp).  A terminal 
maneuver. if prformcd. would haw aligncd the C vector 
with thr  impad wlnrity vcxtor. In the* cmisc mode the C 
vedor uas 12.5 dt-g from the velocity vector. and with 
the path angle slwwm of a.5 deg, an impact vckity d 
2.66 km ICC and a shutter spcrd of B m src, the rr.nrltant 
bliirriitg due to c'ilmtra motion was 1.85 m. That is. the 
c.t-ntt7 of thr  f i c M  of \icw at the timc the shuttrr c l a d  
would tx* obwning a point on the srirfacv I.= m away 
from t k  p i n t  viewed a t  the time the shuttcr opened. 
This is an Ictrvptat)le I c ~ c l  of blur; an arnwnt three times 
this 6pw miiM probably be tolc~atcd and still meet the 
mission objrctives. 

In addition. the T\' e*xpcriinmtcrs pointed out that the 
"no trrminal mancuvcr- viewing gtunwtry was ruch u 
to allow dinx* observation of shadows from objects hav- 
ing a 30aeg slope fmm the horizontal. If the e 
were a l i p d  with the velocity \Tctar. this situatioa w d  
have tmn destroy&. Thrw considerations coupled uitb 
the psihilit?; of a spamxmaft failure during the tcnairvl 
maneuwr led the proicrt Manager to decide not to per- 
farm a tennid ~MCUVCT. 

0. Commanded and Actual Monwvu Compmd 

The Ranger \'I midrmirsr manruvcf was p e r f 4  
wcll uithin the rywcttd tolcranivs to product. a near per- 
fwt in ipc t  in the S a  of Tranquillity. 7he purpore d this 
h o n  is  to numerically nr l i ia te  the midroune -y. 
obtaining estimates of the maneuvm execution error in 
tcnns of d w t i v c  pitch. yaw. and shutoff m k 
estimate ?TP dt-riwd dirrrtly from the final estinvte d 
the d o c i t y  addtd by the manruvcr. and they have u n c e ~  
taintks associated with them; the estimation e n ~ n  uc 
prrsmtrd and discusspd below. 

I t  is estimotrd that the Ranger \'I rnaneuve~ was pa- 
f o d  with a 0.97 mrad pointing crrm in pitch, 8 -= 
mrad mor in yaw and a -0.04 m/sec erro~ in s h d .  
F a  the mancrwr pnfarmcd, thr expected standud de- 
viations of thtw m n  w ~ "  3.7 mrad, 8.6 mmd a d  0.18 
m/=. mspdivrly. In addition, the uncertaintia in thae 
atimatrr art- 0.14 mad, 033 m d  and 3.5 X 10-* mmc.  
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mll. pitch. and yaw can a11 hr daincd.  By simiilating a 
manruvt-r trmtaining t l H t u  t m - h u t  othtr\riu. idcal- 
thr pointing and sliritoff t*rnws attrihiitahk- to tin. rt-nuin- 
inp SCWI~UT can h- trtimattd. ~Thc data ustd to n m n v  
thtre cfftyts arc* rvpistcwd in Table 25.1 T~I. nnuinitig 
euriition cm)n art* tstinuttd to hr 2.5 mrad. 0.22 
mrad. and -~Q.Olfi m stv .  mqwrtivcly, in pitch, yaw. 
and motor shut&. 

Table 29 cwntains the m l t s  d the canputatioaz. giv- 
ing thr cstimatts of the pointing and shut& wi th  and 
without tlw. ohstmdde ernwz. It is interPsting that all the 
cmm an- cvnsidcTably b r h  thrir 1-r valun; this is true 
t w n  after the nmo\al of the dexts of the rdl limit qxk. 

fnr Rantcr \*I. fmm the yau- thmnel. %= v r w  
a m  r i d  u.ere obtained hy wing tracking data dam; 

a usrially pmdaninult erm u-hich w a s  fortdo+ br. 

I 
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Tkre m r s  wc*n* also waluatrd in the B plane along 
with the orhit tlc-tcmiination m r s .  Tahlc 30 tabiilatcr 
the orhit dvtcnination t'rrnrs DE ohtaintul from mpari-  
soits o f  pstfiight orl)its and tiit- infliKht rc*itl-tirnc* twhits. 
Thc IarKc t-nor in B RT is t h  priniary orhit tlc-tennina- 
tion error nii-i~tiontd cwlicr. Table 31 siinimari/ca the 
two vrrw wxircx-s. Fortuiratcly the maneuver wror ttndcrl 
to canct4 out t tw orliit deterniination error and. as a w t  
rt-sult. a IIUU o f  oiily I6 mi from thc. nornin.d aiming 
point c ~ i s t s .  

-1 

lablo 31. Summary of 03 ond monouvor .mr, 

p i n t s  arc plotttd as dots. 711e oricmtation of the velocity 
incrc.rnmt -as such that 'J54 was dircx-tly measurable by 
the dopplrr shift. 

E 
L-  a ? i T 

D cr -9 -  

87 
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N. TRACKING SEQUENCE OF EVENTS 

A. lntrodudkn 
Rongcr \’I was laenchtd frnm Cape Kvnntdy on Janu- 

ary .30, IW, at lS:49:W.O92 CMT. Significsnt cvcnts. 
inrlrrtling their asscxiatcd ti1nc.s. thrcnrgh lunar impact are 
listed in Tahlc. -32. A t  thc* time- of the first Agvtla cutoff. the 
Afiima R-Roncc‘r 1‘1 sp.tcu.craft wm in a circiilar parking 
orhit at an altitiiclt*of 15%.89 kin and a s p c ~ 4 i u d  vi-l(xity 
of  7..351 kin SIT. Tht. circular prking orhit was tcwni- 
nattd b y  uwncl Agmu ignition. Scur)rid A g t M  cutoff 
rnarktul tht. t in i r  o f  injtr.tiori into t h c -  liinar transfcsr orhit 
at an attiti& o f  6.&t..W hili and a spacc.-fixid wlwity of 
9.143 k m  wc. A:ma-spacwraft scpration ;rpparcul nor- 
nu l  and Rungvr \’/ cwntiniitul on a lunar iiiipwt trajtu+ot-y. 
Evtmt hlips R-2-4 and R-2-1 Surnk-r 4. ohwrvcd by 
Station 41 at 16:.50:07 and 16:52:01 CUT, wsptr-tively, 
confirmtd solar panel t-xtcmsion and initiation of the Sun 
acquisition s t u p m c ~ ~ .  Earth acquisition was cnnfirmcd by 
we-nt Mip R-2-1 Sumber 5 at 19:20:02 CMT by Station 41. 

The first ground commands were sent to the spacecraft 
hy Station 51 on January 30. Two *clear commands- 
(RTC-O) wtm* wnt at 2O:(w:oO and at 21:10:oO GMT. 
These wwc- followcd by the spacmaft antenna change- 
over command (RTC-3) sent a t  21:12:00 CMT. This last 
command mitchcd the spacecraft tmmmittm from the 

omniantcnna to the high gain antenna. A rise h d v e d  
signal strtmgth and a 8-20 event blip at  21:12:aO CMT 
runfinntd the ant- switchover. 

The cx)mxtive maneuver cxrmmands were sent to 
Rongrr VI by Station 12 starting at  07:x):oO GMT m 
Janii;iry 31. All guitlanw rmnrnands were m d y  re- 
cvivcd hy the spacwrdft, changeover was made from the 
high gain aritcnna to t h r  ornniantc-nna. and the midcourse 
manwwr extuiitc. cvmmand was initiated at  oR:3O:oO 
CUT. The midwurst- mawiivc*r began at OS:57:09 CMT 
and twminattd at O.Y:.W: 17 GMT. The two-way doppler 
shift ( ~ ~ i i r r e d  during thc- maneuver, and the time over 
which it o ~ ~ ~ r r e d  indicatcd that a prfect midcourse 
miinmiver had IMKTI exectrted. After the maneuver. the 
spacwnft. respnnding to on-board commands, MC- 

q u i r d  the Sun and then the Earth. Station 12 then sent 

from the omniantenna to the high gain mtenru. 
the command RTC-3 to switch the spacecraft transnu ‘Re? 

Ranger V I  was again in a auise mode pbcecding m 
lunar impact trajectory. Subsequent orbital annputatiau 
using postmidcourse backing, indicated that a tennid 
mancwver would not be required. At 09:08:00 GMT 011 

February 2, Station 12 sent the backup Eanmpnd (RTC-7) 

m 
h 1 D .  IW 
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to activate the TV subsystem warmup. The TV power 
supply (battery) voltage, as determined from telemetry, 
did not indicate that the TV was on full power. Two 
additional RTC-7 commands were sent to the spacecTah 
Iwt failed to turn thc. 11' system on. The Ranger VI im- 
pac-ttd the lighttd sidc of the lunar surfaw at 09:21:31.&3 
CMT on Fcbniary 2. Total flight time was 65 hr 35 min 
a768 Lec. 

8. General lnformath 

This DSlF wrisists of four permanent detp spow 
tracking stations, a larrwh station, and a Mobile Tracking 
Station (MTS). Each pcmnantmt station is cqriippcd with 
a paraboloidal antvnna 8.5 ft in t1iamvtc.r motintrd for 
tracking in liorir anglc and dwlination. Tlw SITS is 
tquipptd with P paraboloidal anti-nna 10 ft in diamc-tcr 
for tracking in azimuth and &vation. Thc launch statim 
is cquipprd with a manually optratcd, e f t  antcmna Ik- 

enployed in the Rungm VI mission have becn provided.. 
The Ramvs and approximate locutions of thch stations that 
providtd pstinjtrtion tracking data uscd in the orbital 
computations art' givtn in Table 33. 

Table 31 s1iou.s thv noniinal visihility pvriads of the 
rpaccrraft to the DSIF rtationrs during thc mime of dte 
mission. Riu. tinw ir di-find as thv tim* that thc space 
craft first ap1x..tr\ at a 5-di.fi angle ahow thc- station. 
Since the* arc. iioiniiial prids,  signals may br rmiued 
prior to riw time and after st-t time. 

C. Tronrpondu Troclring 

The DSlF trarktd tlw Rutiger \'I tramponder fmm 
shortly aftcr injtrtion into transfa d i t  until lrinar im- 
pwt. Initial acquisition was made by Station 51 at 
I6:19:+I CSIT. January 30. Lunar inrpact was marked by 
an abnipt bss of sipial ohrvcd by Stations 11 and 11 



lablo 35. Ground scotion hocking 0.d.l tGM) 

at  W:24:33.1-t3 and O9:24:33.135 GMT. ~ 8 - e ~ .  on 
Ft-bruary 2. Note that thrw are p n d  station obser\*ed 
times; that is. thty are not colcrrrted for signal transit 
tLn. 

Only tweway. one station doppler data w w  used to 
d c q m i n e  the RongrrVf s p a d t  d i t .  Table 36 is 8 
summary of the time intmals during which the two-way 
dapplrr was takt-n. In the Table. the time d transition 
from q = O  to q + O  is chosen to be the timewhen the 
hst valid tweway doppler was d w d  at the trans- 

mitting station; thc tmnsitioo h q f O  to 910 fr 

point in that internal. For an example of how to iatsprrt 
Table 38, wnside-r thr  6rst time q = 51 appepn in the 
k-ft-hand column. Fnwn 1, t o  r: Station 51 was buu- 
mitting; the Statim mprtcd pud m e w a y  doppkr doh 
at tlw time indic-attd to t h .  rigti: d 51 in the receiving 
station cultrmn. The time fmm r, to r, was rpmt in trans- 
ferring the transmitting assignmet to Station 41. 

chosen tu be the time d t k  last Valid h v e m y  doppkr 

Table 36 also s h o w  that in 10me cases no time w a s  
lost in changing from one transmitter to another. This is 
the m u l t  of a nt-w q n n t i o d  p d u r e  when-by an 
attcmpt is made to transfrr transmittcrz without lasing 
hvo-wd). lock with the spactxnft. The n o d  method 
q u i r e s  that both stations go to the one-way doppler 
mode; then the new transmitting station achieves tu- 
way lock while the othrr station goes to the pORld0 
tuu-way mode. 

0 . a h r m i n a t i o n O t L v n a l ~ f i r r n  

The primary c&leacc d hrnuialpact hyRUngfrVI 
is the loss of m p i w d  s i p 1  a t  t k  pound stations when 
the tracking antennas are pointed tow-& the Moon. Vui- 
cus functions related to this signal are continuauSIy m 
d e d  by the DSlF stations during their mpcctive 
tracking p e r i d .  Twm rmading methods are uscd: mag- 
netic tapes and --write ordlbgnphr. 
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s h o w  the. unfltcrrd nxvivtd signal stnngth nmrdcd at 
Station 12 during the lost few s e d  prior to impact. 
This is an example. of a dircrt-write oscilkqpph mnt. 
High-spud mwding rate, (100 mm scc) was not usd 
until h r t l y  ht-forc. predicted impact. At thc time note.cf 
by the arrow. 09:24:33.1.15 GNT. the transponder signal 
wos lost. TIN. t i m a  osscxiuted with the cwnt is dcrivtd 
fmm the statim st.r.r)tidary rtundard uhith is synchm 
nizcd to \\1\\\1'. T h i s  uppean os the 2 pps time code trace 
in the Figwe. 

which impact time was dc-tcmintd. Sde thet in this 
Figure the filtered ypyriwd s i p 1  stnmgth is shown. Thc 
rate of signal strength d m y  is cbaradrristic of the time 
mnstant of the rcreiver. The drastic change secn in the 
tdcmt-try chanwls (trace Iabvlcd CH2, CH3 and CH6) 
i s  further vcrific-a!ion of loss of s i p 1  at the time noted 
by the amw.  S h m  at the hottom of Fig. 51 is the 
0 pps NASA tim d c .  It is a binarycwld-dcdd time 
m l e -  nxxding of dajx, h i t s .  and minuttr. also ddvcd 
fmm the statim stmmduy r t ~ h r d .  

Thc conclusion ia that, nytlcrttng dgnd tmndt Hmc, 
the Ranger VI spocccraft impacted the Moon at 
oB:pI:3&10 +om or -0.03 Dec CMT. 
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V. ANALYSIS OF ElR TRACKING DATA 

A. Inhodudko 
After the 8rst A g m  b u r n t ,  Bmnudr and Antigua 

tracked the Agenu trurrpomlcr dmuhPne0ut)y. F m  mla- 
utcs after the Ageno had tet at htigua, the Twin Falls 
Victory Ship (TW) and Ascension Island acquired 8nd 
continued tracking for 3% min until set. The last ETR 
a t i o n  to acquire w u  Pretoria, WM tracked the A g e ~  
through the wcond bum, pacenth sqxrath and 
Mromdrpt burn. The di a.ulysia wu dividd into 
thm rylmcnb: (1) PUJdall or& (e) pat & buirp 

and PIpretmaSret bum; and (3) Porbctmrocket burn. 
Figure Si? illustrates the elwation angle of the various 
ETR stations, and tho uoodpted rp.ccet.ft evatta. 
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15:57:42 to 15:59:54 CMT. The maximum elevation and 
minimum range occurred at the hcginning of the d v e d  
data. At closest applDqclz the range was 845 hn. At 
' p n d  ret, it was leQe ha 

d the am data, d the geocentric anxdhtts famd 
are: 3217023 -~O.O001 deg latitude, S!534705 k 0 . m  
dg bagitude. 

In attempting to fit thc data. wy d l  htKI in the 
angkr appeared amounting to about -0.02 deg in both 
azimuth and ekvation. The range measutcmrnh appepred 
to k slightly noisier than for the other stations. This 
was due to a 0.Ssec time biasing in the ml-tim ht igua  
data. Upon receipt of CorrPcIed Antigua data, which 

frequency for aU rodpn fmm which metric data wcm 

tkm bation ol Bcnnudr wan nwdjustd &J the llgtrt 

dmultancoudy cwrcctd the derrncc crystal arcrllrtor 

a anuittcnt rolution mi l ted  (Fig. 53). The 

P A n t i g u a ( S t a t i o 0 6 ) R ~ a l - T ~ D a t a T ~  

located at 17.0355 deg latitude. 2982072 deg longitude, 

data were utiliml in ml time to solve for the 
orbit. (For a comparim between thc ml-time adit, the 
orbit reported by ETR. and the fittcd orbit rn Tabk S.) 
ThC maximum elevation was about 7 3  drg, the mlnbmnn 
range wu 818 Inn. the maximum nngc whm the& 

nobluol. 

Data from the Antigua FPQS radar 

w ~ r e  received from 15:57:35 to 18:00:*17 CMT. 'ihae 

#et w u  1454 km Thcdat. rppnr to bequite Lmooo1 with 
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TIME I5 hr 57 min FROM JAN 30, W, nrin 

w. U. Sotion 7 mkh#k (15d7 OMn 

3. Aatigua(S&tka6)HighDmrityTnddngD.1a 
The# data were d v e d  after the mission& atten- 

tion was caIled to the fact that the renl-time data wt=re 
time biored by 900 mscc. The high density data sampk 
wpt e pt/m in contrast to thc usual 1 pt:8 BIT sampk. 
d the data wcn inciuded for I multiple station mlu- 
h. The statistics d the dah uc given LnTablc 38 ud 
thenddurrlpbcluerhownlnFLg.54. 

74 

4.TFVShip(St.tionO)lracking 
Dah from the TFV Fps16 radar wu d v e d  fmm 

18:05:45 to 16:OQ:W CMT. The ~~XUWMC locrtrOrr d 
the ship wa.~ adjtistrd and faind to be: 42073438deg lati- 
tude, 3312.80807 deg hgitude. The rtdp m p k  ~ C C  wu 
1 ptfl ICC 01 mtrvttcd to 1 pt/6 ~ 1 !  -PIC rite for dw 
other ndur. Only data a b  ahout 4 ckg demtlon wctb 
dd. The madmum rlcvrtkm for the tp.acrrh 
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Toblo 37. Po'orLing ubi, cemdWms 5.ADCtdOOw.adTrrEinl: 
The pass ovm Ascension Island w u  very low (2 deg 

maximum elevation). and all the data with the errccption 
of two points were out of lock. LO that these dot. wac 
not used in the fit but merely v d e d  the abit. 

I 

h k -  6.561 6S61541S &541m1 
c s  15.150 l S H O I u  

r n l l S 2  L d o g  m.4a m7 W3M 
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P. 9.7 X 10. 534511Sl X 10 ' -001S6S90 
*dog 104.601 103 91 311 
w, k- 6S71.1 6S70 IS77 

J. * 11.m 18 S I 1 4 2  
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-. w 163 541 119.27417 

103 0911 
6510 oP71 

0 

1 8 - W  
117.174s 
1 lS.13142 

?.I X 10 ' 1 3617874 X 10 ' 

C. Transfer Wit 
Data reciivcd from the FPS-16 radar at Pretoria (St.- 

tion 9) gcocrntric coordinator -25.7904 deg latitude 
%.3%0 dc-g lonptude, from 16:23:08 to 16:49:4!2 CMT 
indicated srparation into a prcmtromket orbit pnd a 
postrt-tmrockrt orbit. Fifteen points of the prereCrwaLd 
A~:~*IMI orbit w w e  compared to the spacecraft orbit deter- 
m i n d  by the DSIF data and a range bias of 100 m a p  
w a r d  Howc-er, &I m amounts for the s p a d  ud 
t he  A g m  dnfting apart at a nominal rate of 50 an/- 
(The data for the A g m  were taken 163 see aftax sphg 
wparation.) The fifteen points of prrretrorodret data 
show very litt!e noise. Figure 56 shows, for a &art time. 
the angular difference between the s p a d  and tbe 
A g n o ,  and Fig. SI shows the residuals fnnn pretak of 
theAgenaabitbyitself. 

The portrrtrmbdret orbit. comprising the mMiada d 
the seventy points to be processed. was used in d time 
for the determination of the Agma d e r  orbit. It *ru 

rate had been d e d .  resulting in a Smou rrnge bkt. 
notcd in the real-time options that the pulse rppetitioo 

o . w m  onom 

611 am 

a w l  - o . m x i o *  

OOlU -0.0191 

0.0171 O m  X 10'  
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TIME IShr Wmin FROM JAN 30,1964, m k  

w. 54. Station 6 roddwh 11SS7 OMn 

This bias was lott-r rtmoved in the postanalysis phase and 
the resulting orbit compared to a DSIF orhit in odrr to 
verify the rehwMmvwr velocity. By cvmparing the 
energy difference between the two orbits, it was deter- 
mined that the rdmnaneuver velocity amounted to 
10 m p c .  T h i s  maneuver was sufficient to cause a miss 
at the Moon of about 4,000 km. Figure 58 ihows a plor 
d miduala d the pwtrrtranoncuw orbit. 

4 m. and for angles a b w t  0.01 deg. 'Ihe dah *RIG d 
cffectively in the cp11-tim mission to obtain both the 
parking whit and the postretrwodtet transfer cwhit d 
Agcm. Tahk 36 mpam the parking orbit & ! e m i d  
by the ETR data during real time with the postflight orbit 
obtaincd fmm data of various stations. Diff- in 
the initiul mdi t ions  as well as differences in the OrMtPl 
elements wcrr insipificont, with the lone aceptkn of 
the rrlflimcnt of p r i g n .  Recaiisc of the mall m x n .  

of this pramrtcr b to be txpsrtal. 

I 
8 

I 
1 

Tho d*tr hwn ETR ~ a e  utmnrly fm from Mdtc. Mdty. e t m* ~ l l  defined, d the poot dctennlWth 
Typld standard devirtknu for mnga were rpproxlmkly 

1 " 
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In ~r'mrpl. the- ETR data were quitr usvful for h 
mining thc various d i t s  in rccrl time und for dddng 
the DSIF h t a  for posrlblc cmm. Ihc ET!t data revealed 
no large imansisttndcr with DSIF drHarr or wtth dK 
&TR strtlonr thcmtelva. 
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VI. TRAJECTORY DESCRIPTION 

I 
i Uuncrr \'I u-as launched at 15:49:09.09 CMT. January 

30,1964. from the Air Fnrrp Easttm Test Range using ttw 
A h  D-&tn~ B boost vehicle. A f t n  liftoff. the hnstc-r 
mllcd to A hunch azimuih of 95.0 deg (East of Sodh) 
and PTfOmnd a programmed pitch n u n t u w r  until 
hocxter cwtoff. During the sirstainer and vernier stages. 
adjustments in vehicle attitude and engine ccitcff tinm 
wt'fp ctmmandtd as rcquirtd by thc p i n d  pridancu 
computer to  adjust the altitude and vc.krity at Allus 
wrnit-r mgiw cutoff. After Ath-Agtna stparation, thcw 

&ma cngim*. At a pnwt d u e  04 sensed veloc<+ in- 
c ~ e m .  the Arcno engine was cut OB. At this time the 
&CM urd spactnaft combination was coasting in a 
neuly circular parking orbit. After A prpprribtd cuast 
time in the parking orbit. thr &ma rnpine w a s  again 
ignited- The parking orbit anst  time. as ddtrmirnd by 
the pd @cLnre mputn,  W"J t nnsmi t td  to the 
Agenu during the Atlas vernit-r stage. The ascmit 
twy ;wofi)e is shou-n in Fig. SS; a qutmce of cwmts fmn 
bunch to acquisition of thr EPrth by thc spcmaft  is 
rholrah3FiBa 

J 
i 

I 
I w a s  a short crust ptricd prior to ttw first ignition of thc 

0 

B.cruhersM1. 
Injtrtion into lunar orbit (ttmnination of the boost 

phaw) ocrurrtd at  16:16:48.4 CMT. at which time the 
Apno and spatryraft w t w  trawling at a sped of 10.968 
kni scc' (inertial). The gtucvntric latitude and longitude 
wwt- . -  i21 and 8.08 deg. rc-spcr.tively. with injtytion 
taking plaw near the wt3tt.m mast of Sorith Africa. Tht. 
Agcm and spacwraft srparatcd 2.6 min after injec4ion 
otrrrrnd. The  age^ then pc-rformtd a programmed 180- 
drg yaw manruver and ignittrl its rc-trorockrt. The wtm- 
r(xlicf imprrlst* was drsigntd to eliminate intrrftwnrx 
with the- spanuraft optration and rtducr. the ch;uKy of 
the A ~ m a  impacting the Moon. Tracking data indicated 
that the Agma misscd the Moon by approximately 3630 
km on the northern trailing edge. 

trithin 1 hr aftt-r injection. the SDaCffnft was receding 
from the E v t h  in an almost radial dim-tion with decrcas- 
ing sprd. This nduccd the geocmtric angular rate of the 
spact-ft (in imrtid coordinates) until, at 13 hr aft- 
injection, the a n p t l u  rate of the Earth exceeded that d 
the s p a c t d t .  This causcd the Earth track of the space- 
craft to m-erse its dimdon from increasing to dtxredng 

\ I  I 

f 
x' 
3 

c a 
t 

RAW€, M 
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b 
b 

\ 
b 

Earth longitude (Fig. 61). plots of the gtTmntric distaDcr 
and sped of the probe as wdI as the Earth-probesun 
(EPS), Sun-prolx4loon (SPM). and Earth-prd-bfoon 
(EPM) anglc-s V~TSIIS  time launch are prescnttd in Figs. 
62 t h g h  f34. 

Thr premidcourse orbit ( A p p m d i ~  D) shows that the 
spaceuaft would have misstd the Moon on the leading 
edge. with a closest-approach altitude of 781 bn at  a 
selmnographic latitude and longitude of -9.32 and 1W.m 
deg, respectively. The lunar transit time h i n j d o n  
UP then 60.82 hr. The initial and encounter conditions 
fa the prtmidourse orbit am given in Table 40. 

C. Midcovrw Mornurw Phew 
The &ne maneuver wu c&dattd to adjust the 

trajectory to impact at 0 wlmolfrpphic latitude of 8 5  deg 
and a telemgraphic bngihrde d 21.0 deg, with a flight 
time fnwn injedon to impact of 85.19 hr. Thc adjust- 
ment of i m p c t  time wm ma& to utilize t hcTVcunmr  
beckup turn-on clock u designed. The rommandd tpnd 
&go wu 41.27 m,rc. To p m j d y  .Uga thc thnut 

diN!On Of the IllidoourSe m&Or f f f  tht I lUOUlVU, 8 
-11.96deg roll turn and -7O.Wrg pitch hun wue 
mmandcd. Thr midcourse motor was rgnited at 08:57:09 
CMT on January 31. 1981, when the spacecraft was at 
gcwntr ic  distance of l?O,.aW, h. trovt.tinp: with UI in- 
ertial s+ of 1.891 h/se relative to Earth At the end 
of the 67-st.c bum duration of the midcourrc mda, the 
geocentric distance had i d  to 170.125 bn .ad the 
imrtid spced relotive to Earth was mfurrd to 1- 
km LCC. Analog data d v e d  at  the GddrtaK tmcking 
station and relayed to the JPL Sporr Flight Oprrticrca 
Facility jpw mvry indication that the midanme m8ncu- 
vm was executed exactly as mmmpndect‘zhb VU furdra 
wrified by theobscrnd dopplerdah, which (IycIc?cIKI)- 

tially the same as those pmiictcd for the munmvu. 
Initial and encwntff conditions fa the poztarkiravrs 
orbit are giwn in Table 41. The tram 
printout L prwentcd in A p p m d t  6. 
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TIME FROY LAUNCH. In 

Fig. 62. GoocenMc dirtonce of r+.a rr 
Hnwfromkvnck 

mode on its way to lunar impact. About 59 hr after InJec- 
tion. the spacecraft rxpcriennctd a minimum InerHal veloc 
ity of 1.029 km ICC rc~lotivr to the Earth, indicating that 
the spacmrft w.s being acdrrated towards the Moon 
by lunar gravity. Thc Rancw VI  tnnsfrr  traJcc+my la 
illustrated in Fig. 6.5. Thc tram on the lunar nirfaw of 
thc trajtx+ory fmm injwtion to i m p c t  is shown In FIR. BB. 

84 

E. Fncoonhr Phose 

Rnngyr\’I lunar impact, as determined by UlCMtc 
recordings of telemetry signal termination, was at 
09:.’1:31.M GSIT on February 2, 1W. Lunar impact 
occurred at a selencmntric latitude and longitude d 
9.33 and 21.52 deg, mspectively. 

The s p a d t  d d d  upcm the M m  in a sane- 
what grazing trajectory with an impact angle d 47 deg 
from the vc*rticpI. The tram of the portions of the 
prcmidmirse and postmidcourse trajetork arc inus. 
trattd in Fig. 67. Finires 68 thmigh 72 present Ranger V I  
trajectory parameters plotted vmus CMT for thz lunar 
encounter p k .  

A shidy of theRangm VI trajectory M b made by 
examining the detailrd t ra jedoy printout prrzcntcd in 
Appendixes D and E. Appendix D contoinr the trajechxy 
listing for the p m i d c o u n c  d i t  from the MrW epoch 
to the midcourse c p a h  and Bnally r lunar domt r p  
W c h  printout. Appendix E cont.int the h.lrrtoy lbt- 
h g  for thc pOrtmrdcaVre d i t  from midoavls hIMf 
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GUT. FEU t t % 4  

Fig. 71. kfoneconMc ahitudo of pmbo vs GUT 
of lunar .cKwcrt.r 
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encounter. Appendix F. Table F-1 is 8 key to the trajec- 
tory printout. Table F-9 contains the definitions of the 
trajectory printed quantities. Constants and conversion 
factors used in Ranger V I  t r a ~ c o m p u t a t i o n r  u e  
listed in Table Fa. The miss parameter B, used to meas- 
ure the miss distaxe fa the hrnutrrjrctary, isdtfiacd tn 
AwnndIXc 
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In piorrrsing datu during postflight analysis it h usually 
dcsirablc. t o  cumpress them. The be~4ts of data cun- 
pression are t\vo-fold: first, cainputer time is significantly 
nrl ircd,  and scr.orld. data naiw is rtduced. 50 that char- 
actvristics of othw error S O I I T ~ X ~  are not masked out and 
can in. ohwmcd. Figure A-1 prrwnts a representative plot 
of thv stindrrd deviation on dopplrr data taken during tht 
Rotr~'c*r \*I riiiscion as ;t function o f  wiiiplc. count time for 
a ~ x ~ t i o n  of oiit~ p \ s  o\w (hltlstonc, California. The 
1owc.r cunv in Fig .4-1 indicates the data standard dmia- 
tion if round off \wrt' the only cwor soutcc, and the mid- 
dle cqirvc indiratc.s the data noise from other crroc SOUIP~L 

T l ~ e  maximum compression interval that may presently 
h employed is dcttmnincd by both the number of digits 
tranwiitttd inttmally in thr cumputcr (Ref. I f )  and tbt 

di derivative of range. which b m n  significant aha 
(*re are high a m k a t i o n s  (i.e., a few hwrs at lauorh 

and encounter). The maximum complpssiap inlaml rmd 
during Ronger VI postilight analysis was 8a) ok 

The error sourccI for two-- doppla U t Z  

1. E m  due to trajectory mpi ta t lo r r r  d by 
round4 erm in the Cowell integra- m d d .  

2. Rounding crrm c a a d  by the start and stop aoIld 
ptilser not necrssprily occurring at times ouclr rbrt 
an intclpol number of cycles haa passed. 

3. T d t t r r  drift arising fmm an unstabk-. 
Drift in the voltage c0ntmlk.d dll.tor (voo), 
which provider the transmitter rdermce w, 
islpartin l(rcyclea/l5minwhennotmthmbCd- 
lum standard and for the mbidlum dudrd Mo 
the drift rate Ir 3 parts in 10" cydu/k. 
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4. Dropped or added cycles which are caused by low 
signal to noise ratio where it is possible for the 
cwntcr to acx-rpt a noise pulse as a cycle mint .  

noise before and during pitch at 08:45:00 Statkrr 19: 
residualplot(Fig.3). 

When the spacecraft was in the cruise mode maintain- 
ing Sun and Earth lock, the maximum changc in doppler 5. Variatinn in rcsfrartion corrrc+ion which is due to 

tkc calculations awl that which actually exists. 
. diffc'rerw.c.s h'twtm thC amsph"ric in due to limit v,.lwity incTrmc,,,t was 5 0.- <IPS. 

6. Spacvcraft tumlding causcd by anttana motion (zrro 
for Range7 W). 

The physical m r  source for hour anglc and drclina- 
tion are: 

1. Angle jittcr in rlcu-trical axes or variatians a h i t  thc 
aiming point caustd hy t h -  antmna driw mrha- 
nism. 

2 Anglr corrcvtion variation which is diir to systematic 
and random variations h-twtr-n thr optical and 
elfftricPlases. 

3. Rradmit error caused by the d e r  system mad- 
ing out plus or minus om count whew nne count 

4. Variation in nfractinn corrrrtion which is due to 
diffrrences hvtwecn the a t m q h r i c  d e l  which 
is used and that which actually exists. 

compomls t o  about 0.m dqg. 

The contribution to the fatal weight due to spacecraft 
tumbling was considcwd to be zero since the only tum- 
bling occurred bc-twcen injwtion at 16:16:41 and Sun 
acquisition at 16:55:30 CMT. In the postflight analysis 
there was only 1 min 40 wc usable data from Station 51. 
and 4 min of usahle data from Station 41 during this 
time span. The tumhling rates More Sun acquisition were 
5.0. -9.6. and 2.6 mmd src in pitch, yaw, and roll, 
respectively; and, assuming that the s p a d t  wienta- 
ticm was such that the yaw had its maximum deet 011 

dopplcr, the maximum change in dopplrr would have 
been +0.098 cpr. HomM, analysis of the u w b k  data 
taken during the above time span indicptd that the deet 
on doppkr due to tumbling was appnriaMy less than 
0.1 cps (Fig. 3) so thnt it may be mncludrd that the spa- 
craft orientation w n s  such that the tracking stations -saw" 
very little sperrct.ft antenna motion. 

During orimtrtkrcl mancuvrt, pda to firing the mid- 
an~m wlarity incmncnt. the change in dopplo due to 
the pitch turn ratc wu a muximum of 0.037 cps, and dur- 
ing Sun necqir is i tkm the change in doppler due to the 
pitch turn ratc w u  a maximum of .- 0.W7 cp~. Each pitch 
turn would affect, at most, 6vr 1 min samph with a small 
skew b h  at the lpmc lrvrl u the existing noise (Le, adc 

Table €3-1 shows the fiinctional form of the msitivity 
corfficients asuwiutrd with H A ,  k, and *way dop 
pler. Table R-2 presents valtin of the sensitivity cwffi- 
cicnt, variancu. of the emtr wiirce. corrt-lation width, and 
the rcwlting cnntrihution to tlw total w i g h t  from each 
acwnicd haGc rmnr source at two diffcrcnt times along 
the trajwtory. nit- first srt was compiitcd for a range of 
ahnut S5.000 km. and the cecnnd scat for dnpplcr was cam- 
piitcd at a range o f  ahnut 3K3,OOO km. The =and sc.t for 
angles was cnriipiitcd just h-fon. the midcuirrse manmiver. 
where tlie rang{- was ahnut 165,OOO km. A nnminal sample 
rate of 80 sec was irst.cl to develop Table 82. 

The doppkr data type at present requires the use d 
two Wright codes. One code is used when the tracking 
station is not using the rubidium standard for  the trans- 
mitter frequency voltage controlled oscillator (VCOh. and 
the other code is uscd when the station is using the rubid- 
ium standard (VCO), which is about three mognituder 
more stable than the (VCOh. 

Early in the mission the prrdominant error swrc~s 
affwting dopplrr are the computing enur (cmw source 1). 
oscillator drift (mor source 3). dropped or added cycles 
(error source 4). and possibly n+raction cocnrhon * (- 
source 5). depending on the ekwation angle rate. As the 
mission progrsses. the oscillator drift rate becaer the 
sole predominant error source if the station is using 
the (VCOh. but if the station is using (VCO), this error 

loblo B-1. knrhhdi  cooffkknh, #,, fov kovr .(Iok, 
doclinO(i0n and two-way ahpplu 

c 
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source contributes a relatively negligible amount to the 
total weight. For example. near mcountw where the con- 
tribution from this mor SOIIK)(? is a maximum, the error 
attrihuted to oscillator drift rate for the (VCO), is 
d = 0.03758 X lo-'. and for the (VCO)* it is 
d = 375.8 X 1W. 

For the angular data types (HA, Dw), the prtdomi- 
nant source of error is angle correction variation (error 
source 1). Angle Jitttr may contribute h e a d y  to HA for 

declination anglcs nrar 270 or 90 deg, but during dw 
Rangrr VI mission the dcrlinatim ranged between 290 
and 2 d q .  The crmtrihtition due to refraction Qlcrrctbn 
was relatively small and was tlsentially a t  di fcw eh- 
vation an& greater t h n  17 drg. 

It is felt that the total weight applid to HA. Dec. .nd 
CC3 is on the ronservatiw side and that all error 10urcc1 
which contribute a measurable amount to the total wcight 
have been taken into aamunt 

APPENDIX C 
Definition of th. Miss pamnwhr 8 

The miss parameter B is used at JPL to meamre mi0 
distances for lunar and interplanetmy trajcctork and is 
described by \V. Kim in Ref. 14. B has the desbabk 
feature of being very nearly a linear hnctioa of chirop 
in injection coaditionr 

The owdating conic at closest approach to the target 
body is used in dt-fining B. B is thc wdm from the 
target's center of mass ~rprndici i lar  to the incoming 
asymptote. Let SI be a unit vector in the dirrrtion of the 
incoming asymptote. The orientation at B in the plane 
normal to S, is drscr ibd in terms of two unit vectors R 
and T. normal to SI. T i s  taken parallel to a bed refcr- 
encc plane and R completes a right-handed a t h o g d  
system. Figum C-1 illustrates the situation. 

The Ranger VI work has used the orbital plane of the 
Sfom as the refcwnce plant-. If W is a unit vrrtor normal 
to the orbital planc (W in direction of RU X VU. w h e  
Ru is radius VPC~CW to Mmn fmm Earth and VU is the 

center), then T = S, x W ddnes our d i n a t e  system. 
sparx!!fixd wlority uf the %loon relative to the Earth% 
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APPENDIX I 

Block No. references are to Appendixes G and H. An 
units are in ki~ormtcrr and uwnds u n k z  otherwise 

plaint4 in A p p d i x  C of this Report) (of' is in W). "be 
smmd block is simply the correlation matrix of the 6rst 

qwrified. 
Block No. 1 

Blor-k So. 2 

Block No. 3 

Block No. 4 

Block So. 5 

Block So. 6 

B M  No. 7 

Block No. 8 

f 

control card input. 

The normal cquation coffiicients cun- 
h i n d  with the a priori matrix. 

Correlation maGx on normal equations. 

1nvt-m. of the a priori covariance matrix 

Sty the next page of this Appendix for an 

of estimated parpmt.ters. 

explanatim of the formot 

Covariancr? matrix of estimpted parame- 
ters or invcrsr. of Block No. 4. 

Correlation matrix of estimated pnrsme- 
ta% 

Rnidual page far a particular station 
(see next page for format explanation). 

The blodc following the residuals has statistics on the 
previous residuals (self explanatory). The meCts follow- 
ing the statistics will have moze residuals and stptistia 
from other tracking sbtkms. 

i 

The next block is a short printout d the trajectory 
b a d  on the convcrgcd etimatcd panmctc.rs and is run 
out to lunar mccmntcr (impact oc closest appropch). (Sec 
Appendi. F far explanation) 

! 

Following the trajcxtory printout is the ( I  matrix which 
maps the mvariancc matrix at epoch to mamw epoch 
or mcuunttr. Immediately beknv the U mabix k the at- 
varivlce mabir on the estimated ppranwtm at impact Q 

ckwcst approach &. This is f amed  by mapping the 
amwiamx matrix at injection to impact in double pc 
drioa 

Thc sheet following the arvvium matrix rarbiar 
dvee bkdu The 6rst block i s  a covpripnn matrix N 
famnl by mappi- the upper 8 X 6 matrix of the co. 
variame of impact into a aw coadinate system (a- 3 

block mvarianre &k. The third bla* is a mapping 

BOT. B-R. etc., system. 
matrix which maps injection componencr into the 

B = "lie vector measured from the cmter of tbe 
Moon prpc.ndicular to the inroming asymp- 
tote (in kibnetersj. 

B*RO = The B vwtor dotted on the R axis in ha (T 
axis in the hfoon's orbital plane). 

B*TO =The B vector dotted on thc R axis in ha (T 
axis in the 3fOon'r orbital plane). 

B-RT =The B v d o r  dotted on thc R axis in km (T 
axis in the equatorial plane of the Mooa). 

B*TI' =The B \pctor d d t d  on the T axis m km (T 
axis in the equatorin1 plane of the Maa). 

TL =Lincvizcdtimeofflightinhanr. 
S M M  = The large- eigenvalue of the uppa 2 X 2 of 

axis d a 40% dispersion eniprc io the B 

S M A  = The miminor  axis of the dispadm mipr Q 

the other eigenvalue d the upper 2 X 

TH€T'A= The orientation angle of the semimajor axis d 
the disprzion ellipse m a s u d  CamtaEbdr- 
wise from the T axis. 

the N mdtri. (c.ommcHlly calkd the vrnimapr 

PlUK). 

DEL t = Unrrrtpiryty in the time of &gh in ~bc. 

DELB = (N,, + N,)~.wwhenhfrarefrtnnthe6rstModr 
dthissbect. 

DELS = V.(DEL7') the position uncerbsaty in tbe 
din&on d the inroming asymptote. rrbae 
V, = hyprbdic excess velocity in ba/rsr. 

= T i m  of &&t in houn fran initial epocb to 
mcamta. 

mtpttd with the? uir innthe target cqudaw 

TF 

Below this b the u-3 x 3 of the N nrMr 

plmmthcr than In the targctabitrl pl.ac 
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